INTRODUCTION
"Flood basalts in Goulburn Group suggest elevated mantle temperatures", "proximity of the area to continent-ocean boundary suggests relatively low heat flow", "elevated heat production in granites underlying sediments may have led to rapid maturation of hydrocarbons in the basin", "increased crustal thickness may be sufficient to produce enough heat for hydrocarbon maturation even within relatively shallow sediments" -all possibly correct, all very common, but all very rarely (if ever) quantifiable statements common in petroleum literature and presentations. In this paper we present a consistent approach to assessment of basement and crustal controls on hydrocarbons maturation, arguably the first ever undertaken in Australia.
Crustal thickness and interpretation of basement and crustal composition can be constrained by refraction seismic data. Such data exist in many areas in onshore and offshore Australia, in particular in mature exploration areas of the North West Australian Margin (NWAM), where a unique ocean-bottom seismograph experiment was undertaken (Goncharov, 2004) . Clearly, estimates similar to the ones presented here could (and probably will) be carried out at the NWAM and in some other explorationally mature areas. However, our methodology is particularly well suited to frontier exploration areas where little or no well control is available to constrain maturation of hydrocarbon source rocks and to determine palaeo temperatures in the -4 -crust. In such circumstances, assessment of hydrocarbon potential is model driven to a large extent, using heat flow evolution models, or crustal stretching models.
We demonstrate that basement and crustal controls on hydrocarbons maturation may be significant. It is worthwhile to quantify them and to explore their ambiguities. This is the essence of the research presented here. We emphasize innovative nature of this work, and accept that some points presented are, and will remain for some time, debatable. We consider this work as a first step towards establishing a routine procedure for accounting for the basement and crustal influence on hydrocarbons maturation. A frontier exploration area of the Bremer Sub-basin, where new data suitable for the purposes of this work have been recently collected, has become a testing ground for research of this type, thus paving the road to similar assessments in other frontier areas.
As part of the Australian Government's New Oil initiative, Geoscience Australia undertook a geophysical survey (the Southwest Frontiers Survey 280) of the southwestern Australian continental margin in late 2004. The survey acquired 2700 km of industry-standard, 106 nominal fold seismic reflection data recorded to 12 s two-way time using a 6-8 km digital streamer and 4900 cui gun array. Marine reflection seismic acquisition was supplemented by recording of refraction seismic data by sonobuoys and land stations in the onshore/offshore observation scheme (Fig. 1 ).
-5 - The main scientific objectives of refraction work were to:
1. provide accurate seismic velocity information to improve depth conversion of reflection seismic data, 2. assist with definition of type of basement and crust below the sedimentary basins, and 3. provide estimates of crustal thickness underneath major sediment deposition centres in the area to better constrain interpretation of tectonic evolution of the region.
-6 -The new refraction seismic data have substantially supplemented velocity measurement coverage of the area from old sonobuoy work and from sparse onshore stations, and revealed new evidence about the nature of basement and structure of the crust in the area of the study. 'Basement' in the terminology adopted for this paper is acoustic basement interpreted to correspond to crystalline Precambrian basement.
GEOLOGICAL SETTING
Geological setting of the Bremer Sub-basin has been discussed by Stagg and Willcox (1991) , Bradshaw et al. (2003) , Blevin (2005) . The Bremer Sub-basin study (Bradshaw, 2005) is the most recent and comprehensive analysis and compilation of the structural and stratigraphic framework of the sub-basin, which has underpinned the burial and thermal geohistory modelling presented in this paper.
Exposed to the north of the Bremer Sub-basin are rocks of the Mesoproterozoic Albany-Fraser Orogen (Fig. 1) , which extends along the southern margin of the Archaean Yilgarn Craton. The Albany-Fraser rocks are mainly granitoid intrusions, orthogneisses, metagabbros, mafic dykes and metasediments. These rocks are basement to the onshore Eocene sediments of the Bremer Sub-basin, which are extensively eroded, and fill the low-relief basement topography in discontinuous pockets close to the coast. The area has been subject to prolonged erosion and the subdued topography is extensively covered by a Cainozoic regolith (Abeysinghe, et al., 2002; Myers, 1990) .
According to Fitzsimons (2003) , the Albany Fraser Orogen is thrust up against the Yilgarn Craton to the NW and extends eastwards under the Eucla Basin to the Coompana Block and Gawler Craton. It is thought to be a collision zone between these two cratons and was previously contiguous with outcrops on the Wilkes Land coast in Antarctica (Fitzsimons, 2003) . The Recherche Granite dominates the eastern region of Albany Fraser Orogen. Early stage deformation of the granite was followed by the deposition of the Mount Ragged metasedimentry rocks (quartzite with minor pelite) which are assumed to unconformably overly the Recherche Granite. Low grade metasedimentary rocks of Stirling Range and Mount Barren units outcrop in the western part of the Albany Fraser Orogen next to its northern border. Judging from -7 -relatively minor representation of metasedimentary rocks in outcrop, prior to survey 280 it was anticipated that basement underlying the Bremer Sub-basin was most likely a correlative of Recherche Granite. Interpretation of new data presented in this paper suggests that in fact this is not the case.
BASEMENT AND CRUST FROM COMBINED REFLECTION/REFRACTION STUDIES
Geophysical aspects of these studies are discussed in detail by Goncharov et al. (2005) .
Earlier Refraction Work
All earlier land refraction results are consistent with the prevailing granitic and gneissic composition of rocks outcropping onshore near the Bremer Sub-Basin; in both the southern part of the Yilgarn Craton and the Albany Fraser Orogen, velocities in the range 5.9-6.2 km/s dominate the upper crust and extend as deep as 15 km in onshore measurements. However, it should be noted that there is no single velocity measurement in metasedimentary rocks of the Albany Fraser Orogen, and that velocities well below 6.0 km/s clearly dominate in the basement imaged by earlier refraction work offshore (Goncharov et al., 2005) .
Sonobuoy results and basement imagery
Nineteen sonobuoys were deployed successfully over the Bremer Sub-basin ( Fig. 1) to record refraction seismic data to a maximum offset of 23 km. Details of sonobuoy data processing and interpretation are presented by Goncharov et al. (2005) who concluded that prevailing velocities in the basement underlying the Bremer Sub-basin (Fig. 2) are considerably lower than older land refraction data suggested, but are consistent with results of earlier refraction work offshore. Basement velocities in the Bremer Sub-basin are generally in the 5.0-5.7 km/s range, indicating that, contrary to prior expectations, basement composition in the area is mostly not granitic.
-8 - Basement identification in reflection data was assisted greatly by combined reflection/refraction imagery (Fig. 3 ) produced for each of nineteen sonobuoys. Basement (labelled 'b' in Fig. 3 ) identification on the basis of reflection data alone would have been ambiguous in many cases; usually there are several competing events that can be interpreted as basement. Clear refraction arrivals highlighted in the right-side panels of Fig. 3 eliminate ambiguity where they can be tracked back via tangential reflections to the reflection record in the left-side panel. Of course, reduction of ambiguity in basement identification applies only in the vicinity of sonobuoys that recorded refractions from the basement. Unfortunately, sonobuoy coverage in this experiment was not sufficient to eliminate ambiguity at all locations where events competing to become basement were identified in reflection data.
-9 - A comparison of stacking velocities and velocities derived from modelling of sonobuoy data suggests that stacking velocities from survey 280 can be used as a reliable substitute for acoustic velocities down to 2 s two-way time into the sediments below sea floor, for the purpose of calculating sediment thickness. When applied to a basement travel time pick interpreted in the multi-channel reflection data set, the new velocity data compiled from combined processing and interpretation of reflection and sonobuoy data indicate a maximum sediment thickness in major depocentres of the Bremer Sub-basin in excess of 9 km (Bradshaw, 2005) . These estimates of total sediment thickness are among the key constraints on total basement subsidence controlling hydrocarbons maturation and discussed further in the paper.
Velocity model from land refraction data
Velocity model derived from the interpretation of the sonobuoy data set were fully This delay of at least 1 s is quite obvious at small offsets (AB and EF phases relative to station 100 km in Figure 4 ), but it decreases at larger offsets so that the same ~8 s arrivals of the first mantle phases are recorded by these two stations (e.g., GH phase in Figure 4 )and by the station at 100 km offset from the coast. Such configuration of the first arrivals inevitably leads to a suggestion that a crustal root (Fig. 5) or a zone of crustal thickening of some form, are needed to explain travel times of the recorded first arrivals. Some limitations of the crustal scale velocity model (Fig. 5) , which stands up reasonably well in validation against gravity modelling, are discussed in detail by Goncharov et al. (2005) who noted that overcoming these limitations in the future may require some re-adjustment of the Moho depth within the crustal root. To account for such a possibility, we averaged out extreme lateral variation in crustal thickness along the land extension of line 280/19 in our burial and thermal geohistory modelling, discussed further in the paper. This averaging was also needed to provide a valid 1D substitute of a complex 2D seismic velocity model to meet the requirements of the Fobos Pro software that we used for geohistory modelling.
Results from the conjugate Antarctic margin
Results of the 50 th Russian Antarctic Expedition (December 2004 -April 2005 provide invaluable support to understanding the nature of basement and crust in the area of our study on the Australian Southern Margin. The Russian expedition collected high quality, multi-channel reflection seismic data recorded to 12 s two-way time along 9 lines of ~4000 km total length and sonobuoy data of highest quality in a fully reversed observation scheme. Had the Russian survey been conducted ~90 Ma ago when Gondwana was still one continent, they would have imaged crust in the near vicinity of the Bremer Sub-basin (Goncharov et al., 2005) . Fraser Orogen on the Antarctic side.
-13 -
Summary of reflection/refraction results
When applied to a basement travel time pick interpreted in the multi-channel reflection data set, the new velocity data compiled from combined processing and interpretation of reflection and sonobuoy data indicate a maximum sediment thickness in major depocentres of the Bremer Sub-basin in excess of 9 km (Bradshaw, 2005) .
Combining all refraction seismic results available, it appears that a ~400km wide zone in Gondwana prior to break-up had basement velocities significantly lower than the normal continental values of 6.0 -6.2 km/s typical for granites and gneisses. The presence of low grade metasediments of the Albany-Fraser Orogen and its Antarctic equivalent is our preferred interpretation of this observation (Goncharov et al., 2005) .
As metasediments have a substantially lower heat production than granitic rocks, different scenarios for hydrocarbon maturation in the Bremer Sub-basin can be assessed. Various maturation scenarios and justification of heat production for each scenario are discussed below.
HEAT PRODUCTION IN THE CRUST AND SEDIMENTS
On geological time scales only 3 elements, and in particular 4 isotopes, 238 U, 235 Th, 232 Th and 40 K occur in sufficient abundance to contribute to the crustal thermal budget. As decay rates and modern heat generation rates are known for each of the radioactive isotopes, the heat generated by a particular lithology can be quantified based on the total abundance of these elements, and the known ratios of radioactive isotopes in nature (e.g., Turcotte & Schubert, 1982) . Given that the decay rates of each of the radiogenic isotopes are known, the mean heat production rate of any lithology at any time in the past can also be calculated.
Typical crustal lithologies have heat production rates of the order of 0-3 µWm -3 .
Many Proterozoic terranes in Australia, however, are characterized by extraordinary concentrations of the heat-producing elements when compared to global averages.
Much of this anomalous heat production is contained within felsic igneous rocks, particularly granites and granite gneisses (McLaren et al., 2003) . When normalized by area of outcrop (over more than 100 000 km 2 ) felsic igneous rocks in Australian -14 -Proterozoic terranes have an average heat production of 4.6 µWm -3 , more than twice the global average value of 2.5 µWm -3 for granitic rocks. The effect of this radiogenic basement on tectonic processes such as metamorphism and magmatism has been detailed in a number of recent studies (e.g., McLaren et al., 1999) .
In an attempt to quantify heat production rates in the Bremer Sub-basin basement and crust below it we have examined measured concentrations of radioactive elements (U, for this study by inductively-coupled-plasma mass spectrometry and K 2 O concentrations were measured by x-ray fluorescence. Here we present modern heat production rates but we note that heat production at the onset of rifting (~ 160 Ma)
would have been on average 2-3% higher than the present day value due to the secular decay of heat producing element concentrations over time.
In the Albany-Fraser Orogen, metasedimentary lithologies have the lowest average heat production of 1.6 µWm -3 ( In the Yilgarn Craton, metasedimentary rocks have approximately the same heat production as the gneissic units (2.2 µWm -3 ) whereas unmetamorphosed sediments have lower heat production values (0.9-1.7 µWm -3 ) similar to the metasediments of the Albany-Fraser Orogen. In the Yilgarn Craton heat production of the felsic -16 -intrusives is 3.7 µWm -3 , slightly lower than those in the Proterozoic Albany-Fraser
Orogen (Fig. 6 ).
Available data for mafic rock units indicates average heat production rates, when compared to global averages. Basalts, mafic intrusives and alkaline igneous rocks have very low heat production in the range 0.2-1.1 µWm -3 .
To minimize the degree of speculation, we have explored a range of various heat production values in our burial and thermal geo-history modelling described in the next section. Our compilation of heat production data suggests four end-member compositions for the basement to the Bremer Sub-basin; (1) metasedimentary basement with average heat production of 1.78 µWm -3 ; (2) "hot" granite basement with average heat production of 4.06 µWm -3 ; (3) "low" heat production granite basement with average heat production of 2.23 µWm -3 ; and (4) basaltic basement with average heat production of 0.45 µWm -3 . The end-member scenario of a crust composed entirely of "hot" Proterozoic granites is considered to be less likely as it would generate a total surface heat flow far in excess of a reasonable range. We do emphasize, however, that these are end-member configurations only and in reality a range of heat production is possible between these end-member configurations.
We also caution that the heat production values calculated here are simple arithmetic means, such that the average value may be biased by the total number of samples of each lithology, or by individual analyses that are significantly higher or lower than the mean. In detail there is considerable variation among the data.
Granitic and gneissic samples dredged from the sea-floor in the Bremer Sub-basin (Blevin, 2005) at 7 dredge sites (see Figure 1 for locations) are characterized by highly variable concentrations of heat producing elements (Fig. 6 ). In particular, we note significant variations in Th/U ratio. (Adams et al., 1959) . However, as the Bremer Sub-basin dredge samples are taken from the sea-floor, it seems likely that secondary processes may have affected U and Th concentrations so that we cannot consider these samples to be representative of the sub-surface lithology. Excluding these high Th/U samples the remaining samples form two groups with heat production of around 3-4 µWm -3 and 1.5-2 µWm -3 respectively (Fig. 6 ). These data are consistent with the available onshore data, and do not allow us to exclude any of the end-member heat-production models described above and explored in our burial and thermal geohistory modelling.
To enable burial and thermal geohistory modelling described in the next section, in addition to heat production in the crust below the basement we had to account for heat production in sediments. Sediments contribution to the heat flow, ~8µW/m 2 today and appropriate fraction of this value in the past (depending on sedimentation rate), is relatively large because of the large thickness of sediment pile in the Bremer Subbasin, up to 9 km (Bradshaw, 2005) . Similar level of heat productivity was calculated by Beardsmore (2005) in sediments of the Cooper Basin. Addition of sedimentgenerated heat explains why modelled surface heat flow (see next section) is higher than basement heat flow.
BURIAL AND THERMAL GEOHISTORY MODELLING
Advanced burial and thermal geohistory modelling in the Bremer Sub-basin was carried out, arguably for the first time in Australia, without relying on default values (such as heat flow or geothermal gradient) commonly used in basin modelling.
Traditionally the McKenzie (1992) model has been used to determine palaeo heat flow from stripped basement subsidence, but this method does not take into account the blanketing effect of sediment above basement. In the new method whole lithosphere parameters of radiogenic heat, thermal conductivity and stretching were used to constrain the thermal models. As stretching and sediment loading occur in the model, the transient thermal solution is determined at each time step. Heat flow may be determined from the calculated palaeo temperatures, but is not a direct input in the procedure. This modelling was conducted using Fobos Pro v3.1 developed by AcecaGeologica (www.aceca.co.uk).
-18 -Interpreted lithologies, depositional environments, and subsidence history resulting from the Bremer Sub-basin study (Bradshaw, 2005) section below). It should be noted that in the case of the Bremer Sub-basin the complete absence of drilled wells means that the only control point on the subsidence is present day water depth. However, the palaeo water depth model used by us is typical of that observed from wells along the Southern Margin.
-19 - 
Lithosphere Terminology
The model currently implemented in Fobos Pro is a two layer lithosphere with crust and lithosphere components required as input. The combined crust and lithosphere thickness in Fobos Pro terminology are normally referred to as the lithosphere thickness ( Fig. 9 and Table 1 ). Estimates of total crustal thickness and composition prior to rifting were derived from the far inland refraction stations deployed during the survey. There is a significant inland crustal thickness variation in our velocity model, from ~30 km far inland to almost 60 km within crustal root closer to the coast (Fig. 5) . Since, Fobos Pro does not have 2D capability, we averaged out crustal thickness variation in our velocity model and used 42.5 km thick crust in subsequent geohistory modelling as a 1D proxy of a more complex 2D model. However, sensitivity of our modelling to crustal thickness variation has also been tested and it is discussed below. Present crustal thickness and composition underneath the Bremer sub-basin were constrained by data from land refraction stations deployed near the coast. Crustal thickness of 15 km was used as a reasonable 1D approximation of our velocity model underneath Bremer Sub-basin (Fig. 5 ). When combined with 42.5 km thick crust prior to stretching, this results in crustal stretching factor of 2.83. A gabbroic layer with low heat production was assumed to exist in both non-stretched and present crust on the basis of velocity model indicating presence of ~7.0 km/s velocities in the lower crust.
CRUST RADIOACTIVITY THICKNESSES

Subsidence modelling
Initial models were created with our preferred scenario of crustal thickness of 42.5 km and heat generation of 1.75 µW/m 3 . Initial crustal thickness was constrained by the refraction data and heat generation was constrained by the results of calculation on rock samples (see above). The initial lithosphere thickness for the preferred scenario was input as 120 km based on estimates of this parameter underneath Yilgarn Craton (Simons and van der Hilst, 2003) at present. Subsequent sensitivity analysis has shown that because the final stretched (thinned) crustal thickness is also known from the refraction data, the lithosphere thickness of 120 km is determined almost uniquely (see 'Sensitivity of Model' section below).
Total subsidence is composed of isostatic subsidence (due to water and sediment load) and tectonic subsidence. In turn, tectonic subsidence is composed of mechanical (e.g.,
-22 -resulting from replacement of stretched lithosphere with asthenosphere) and thermal (resulting from cooling of lithosphere warmed during rifting). Timing of stretching was constrained by interpretation of growth faulting on seismic sections (e.g., Fig. 7) and regional geology (e.g., Brown et al., 2003) . Fobos Pro subsidence modelling procedure is to use palaeo water depth and stretching to achieve acceptable fit of predicted total subsidence to basement subsidence controlled by well data, or, in our case, by seismic interpretation at the modelled site. Since the palaeo water depth model is constrained by the seismic and regional interpretation, the parameter most affecting subsidence is stretching. Stretching parameters are adjusted to give a reasonable fit with observed subsidence.
Clearly, an 'unstretched' model does not match observed subsidence: the red curve in Figure 10 sits well above the black one. To eliminate this mismatch, several stretching episodes were included in the model resulting in the total stretching factors of 2.89 for crust and 2.62 for lithosphere. These total stretching factors are multiples of individual stretching coefficients presented in boxes in Figure 10 . The stretching episode corresponding to the orange arrow in Figure 10 should be for lower crustal stretching in real world terms, but Fobos Pro in the existing form cannot deal with upper and lower crust separately. The orange dashed line shows the subsidence that would be expected with no post-breakup stretching. In this case, the predicted present day water depth would be 500m instead of observed ~2000m. The origin of the postbreakup stretching is discussed in the section immediately below. The total crustal stretching factor of 2.89 in our preferred model is in good agreement with the thinning observed from refraction seismic velocity model (2.83). Margin by Kuznir et al. (2005) . In order to explain this subsidence, Kuznir et al.
-24 - (2005), and Davis and Kuznir (2004) suggested a model of depth-dependent stretching occurring during seafloor spreading initiation rather than during pre-breakup intracontinental rifting. This extension takes place in the mechanically weak lower crust, rather than in the stronger lithosphere and upper crust. This mechanism was successfully simulated in our model.
Heat Generation Modelling
Modelling showed that the observed basement subsidence curve can be matched in all scenarios of likely basement composition, using approximately the same stretching factors, since the density did not vary between models. In reality, density might vary, but only by ~5%. Importantly, with initial and final crustal thickness constrained by seismic refraction data, lithosphere thickness is also constrained narrowly by the total basement subsidence (see 'Sensitivity of Model' section below). -25 -Note that the high heat producing granitic scenario leads to a present day surface heat flow of 68 mW/m 2 predicted by the model, unrealistically high given the context of heat flow measurements in the region (Fig. 11) .
Fig. 11. Modern heat flow on the Australian Southern Margin.
The other scenarios lead to a present day surface heat flow of 46-57 mW/m 2 and cannot be ruled out. The only heat flow measurement of 39 mW/m 2 available onshore near the Bremer Sub-basin (see Fig.1 for location) is reproduced very well by the low heat producing granite model, assuming that it corresponds to temperature regime that existed at the onset of rifting.
Preferred Model Results
Heat flow rises since the onset of rifting until the ~90 Ma peak as a result of postbreakup stretching of the lower crust (Fig. 12) . This heat flow variation, when combined with subsidence curves for individual source rock units, defines temperature to which each rock unit is subjected at any given time (Fig. 13) . It also drives the position of oil and gas maturation windows up or down (Fig. 14) . 
Sensitivity of Model to the Parameters Variation
Sensitivity of predicted temperature, maturity and total subsidence to three key parameters defining basement and crustal controls on hydrocarbons maturation, namely crustal and lithosphere thickness, and heat generation in the crust, were next explored with the aim of demonstrating the effect of changing these parameters away from those of the preferred model.
We have chosen to show predicted results that could be tested by future drilling. asthenosphere is increased. Crustal thickness changes are over a smaller range and have less of an effect. Out of three parameters tested, heat generation in the crust has the most prominent effect on sediment temperatures, increasing with increase in heat generation (Fig. 15 ). Both increasing crustal thickness and increasing heat generation have positive effect on temperature; the effect of increased heat generation is far more significant (Fig. 15 ).
-30 - MATURITY VERSUS DEPTH Figure 16 shows depth to top oil (Ro=0.65%) and gas (Ro=1.0%) windows for various changes in crust and lithosphere parameters. Since maturity is determined by maximum palaeo temperature, the same comments apply as for temperature (see previous section).
It also follows from our results, although not immediately obvious, that almost a five times decrease in basement heat production (from 'low heat producing granites' to 'basalts' in the terminology of our modeling), when combined with other influencing factors (e.g., crustal and lithosphere thickness), will lead to only ~500 m shift in oil maturation window (Fig. 16) . Therefore, fears that proximity of an area to oceanic crust is a negative factor for maturation, because of the 'cold regime of the oceanic crust', appear to be exaggerated since the effect of cold crust may be offset, at least partially, by sediment heat production.
-31 - 
TOTAL BASEMENT SUBSIDENCE
As mentioned previously, in the absence of drilled wells, present basement subsidence is one of the few measurable parameters that can be used for validation of crust and lithosphere models. Figure 17 shows total basement subsidence as function of the same variation of parameters as in Figures 15 and 16 . The vertical blue line in Figure   17 is the current basement position, shown intersecting the preferred model parameters. Crustal heat generation has a small influence on basement subsidence resulting from the effect of small density decrease due to temperature increase.
Crustal thickness has positive effect on basement subsidence proportional to density differences between the crust/lithosphere and asthenosphere. In the absence of stretching, increasing lithosphere thickness has a similar effect. However in the case -32 -presented here, with high stretching rates (β = 2.89), the effect of increasing lithosphere thickness is counter-intuitive.
It can be seen from Figure 17 , if crustal thickness is known, then lithosphere thickness is determined over a very narrow range for reasonable heat generation. Within this range increase in total basement subsidence due to lower heat generation can be easily compensated by a decrease in lithosphere thickness and the crustal thickness determined by the refraction seismic data will be maintained.
Importantly, it appears that had the crustal thickness been constrained not at 42.5 km, but, for example at 35 km (leftmost crustal thickness point in Figure 17 corresponding to ~8700 m total subsidence), then different lithosphere thickness and different stretching rates would be required to bring subsidence from ~8700 m (underestimated in the model) to ~9400 m observed at the modelled site. Again, we stress that, in the case presented here we know the initial and final crustal thickness so the total stretching is not allowed to vary. Similar sets of 'compensation rules' can probably be devised for other crustal thickness values as research develops.
-33 - end-member heat-production scenarios (high and low heat producing granites, and basalts) were explored in our burial and thermal geohistory modelling to quantify the oil and gas maturation windows.
In addition to the unexpected low velocity basement, the presence of thick crustal root in our velocity model ( 
